ABSTRACT Axial determination occurs during early stages of embryogenesis. Flaws in laterality patterning result in abnormal positioning of visceral organs, as manifested in heterotaxy syndrome, or complete left-right inversion as in situs inversus totalis. These malformations are often associated with ciliopathies, as seen in primary ciliary dyskinesia. We have recently described a novel mutation in the Coiled-Coil Domain-Containing 11 (CCDC11) gene associated with laterality disorders in a consanguineous family of Arab-Muslim origin with two affected siblings presenting with diverse phenotypes, one with heterotaxy syndrome and the other with non-primary ciliary dyskinesia situs inversus totalis. This study further characterizes the roles of CCDC11 and the implications of the identified mutation on left-right axial patterning in patient-derived cells and in the frog embryo as a model organism. We analyzed patient-derived cells and manipulated Ccdc11 levels in Xenopus laevis frog embryos. Cilia length in patient cells was longer than in controls, and CCDC11 was localized to the centriole and the actin cytoskeleton. Mutated truncated protein accumulated and was also localized to the centriole and actin cytoskeleton. In frog embryos, Ccdc11 was regulated downstream of FoxJ1, and overexpression of the full-length or truncated protein, or downregulation of the gene resulted in severe disruption of embryonic left-right axial patterning. Taken together, our initial description of the deleterious mutation in CCDC11 in patients, the current results and more recent supportive studies highlight the important role of CCDC11 in axial patterning.
Introduction
The orthogonal axes of the body are determined during early stages of embryogenesis. Vertebrate organisms appear bilaterally symmetrical from the outside, but all exhibit visceral left-right (L-R) asymmetry known as situs solitus (Levin, 2005) . While proper patterning of the body axes is obligatory for survival, flaws in L-R asymmetry can be viable. Failure to generate normal asymmetry may result in several morphological anomalies, among them heterotaxy syndrome (HS) and situs inversus totalis (SIT) (Perloff, 2011) . HS, also called situs ambiguous, is abnormal L-R axis arrangement of the abdominal and/or thoracic viscera, involving organs which normally develop on one side of the body. Most HS patients present with complex congenital heart disease, which is often fatal (Bartram et al., 2005; Brueckner, 2007) . SIT is a mirror-that the nodal cilia indeed play a pivotal role in the establishment of L-R asymmetry in mice (Nonaka et al., 1998) , fish (Essner et al., 2005) and frogs as well.
Mutations in several cilium-associated genes, mostly encoding dynein arm components, such as DNAI1 and DNAH5, have been found to be involved in causing PCD (Kennedy et al., 2007) . However, the list of mutated genes that cause L-R asymmetry defects not associated with PCD is much shorter. Using a homozygosity-mapping approach, we previously identified and described a homozygous deleterious mutation in the gene Coiled-Coil Domain-Containing 11 (CCDC11, MIM# 614759, HGNC gene symbol: CFAP53) in a consanguineous family of Arab-Muslim origin (Perles et al., 2012) . Two homozygous sibling patients were identified, remarkably presenting with dramatic clinical variance. The first brother was admitted to our tertiary care facility due to a severe and complex congenital cardiovascular defect and abdominal situs anomalies, and was therefore diagnosed with HS. The patient underwent bidirectional superior cavopulmonary connection (Glenn procedure), but there were postoperative complications, leading to his death. The second homozygous brother, with SIT, was apparently healthy and consistent with the lack of any clinical symptoms, his nasal-brushing sample revealed normally beating ciliated cells as well as normal ciliary ultrastructure, as determined by electron microscopy. Furthermore, sperm examination revealed normal ejaculation volume, count and motility, indicating a normal content and function of motile cilia. Hence, having no signs of PCD, this sibling was diagnosed with isolated SIT (ISIT).
CCDC11 consists of eight exons that encode a 514-amino acid protein. The mutation that we identified in CCDC11 resulted in disruption of a splice site which led to skipping of the sixth exon. Consequently, exon 7 was introduced out of frame, directly following exon 5. This resulted in an introduction of 17 non-synonymous amino acids followed by a premature stop codon. Furthermore, as predicted from the sequence of the mutated cDNA transcript, we showed that a truncated protein lacking the C-terminal part, downstream of the premature stop codon, is translated. This truncated form of CCDC11 was found accumulated in the ISIT patient's skin fibroblast and nasal epithelium-derived cells (Perles et al., 2012) .
Following the initial description of the role of CCDC11 in L-R patterning, more patients harboring mutations in CCDC11 were described in the literature (Narasimhan et al., 2015; Noël et al., 2016) , supporting CCDC11's involvement in axial patterning. To better understand this role, here we describe a study of skin fibroblast cells from the ISIT patient as well as a functional study in frog embryos.
Rapid embryonic development, hundreds of eggs per lay and the ability to manipulate gene expression make the Xenopus laevis frog embryo an ideal organism to study embryonic development and axial patterning. Establishment of the L-R axis and symmetry breakage have been shown to be evolutionarily conserved among vertebrates, and the involvement of cilia in this process has been demonstrated in mice, rabbit, zebrafish and frog embryos (Blum et al., 2014; Raya and Izpisúa Belmonte, 2006; Wessely and Obara, 2008) . In that sense, the X. laevis has been found to be useful for modeling pathogenic mutations involved in L-R patterning (Endicott et al., 2015) .
In frog embryos, the initiation of symmetry breakage occurs in the gastrocoel roof plate (GRP) which has been identified as the L-R organizer, with characteristics similar to those of the mouse node and Kupffer's vesicle in zebrafish (Essner et al., 2005; Nonaka et al., 1998; Schweickert et al., 2007) . These structures contain monociliated epithelial cells, which create a leftward flow by synchronized beating, eventually affecting the lateral expression of Nodal Schweickert et al., 2010; Vick et al., 2009) . Derived from the superficial mesoderm (Shook et al., 2004) , the GRP is relatively large in size and the cells' fate is well characterized. Hence, this structure is the subject of gain-and loss-of-function experiments by targeted microinjection of mRNAs, antisense morpholino oligonucleotides (MOs), plasmids and other small molecules . GRP explants can be analyzed by live imaging systems for cilium-mediated fluid flow or by histological protocols for cilium structure and function .
The Forkhead transcription factor Foxj1 is a master regulator of ciliogenesis (Yu et al., 2008) and is therefore essential for L-R patterning (Stubbs et al., 2008) . In the frog, xFoxj1 is expressed in the superficial mesoderm during gastrulation, in the GRP and in the ciliated epithelial cells (Pohl and Knöchel, 2004; Stubbs et al., 2008) . Downregulation of xFoxj1 results in loss or severe shortening of the cilia, whereas overexpression induces ectopic formation of cilia. The extracellular leftward flow formed by the GRP cilia breaks the bilateral symmetry by removing repression of the Nodal signaling cascade on the left side (Hirokawa et al., 2006; Nonaka et al., 1998; Schweickert et al., 2007) . This process is mediated by the Nodal inhibitor xCoco (DAND5). xCoco is initially expressed uniformly on both sides of the GRP; however as a result of the leftward flow, its expression on the left side declines, thereby removing the inhibition and allowing for activation of Nodal signaling on this side (Schweickert et al., 2010) . Thus, besides being crucial for proper laterality formation, xCoco expression pattern along the GRP, which can be easily detected by RNA in-situ hybridization staining, serves as the earliest known marker of symmetry breakage in the frog. As a later definitive marker for laterality, the homeobox transcription factor xPitx2 can be used. xPitx2 is regulated downstream of the Nodal signaling pathway and is required for L-R patterning of internal organs in vertebrate embryos (Campione et al., 1999; Ryan et al., 1998) . xPitx2 is normally expressed unilaterally on the left lateral plate mesoderm, thus serving as a reliable late marker for laterality and laterality disorders, once L-R patterning has been established.
Here, we present a study of ISIT patient-derived cells showing that the cilia in these cells are longer than in controls and that CCDC11 is localized to the centriole as well as to the actin cytoskeleton. Using western blot analysis, we previously showed that the truncated form of CCDC11 accumulates in the patient's cells (Perles et al., 2012) . Here we show that this accumulating protein localizes to the actin cytoskeleton. Furthermore, we show that in the frog embryo, xCcdc11 is regulated downstream of xFoxJ1, and that overexpression of the full-length or truncated protein, or downregulation of the gene results in severe disruption of embryonic L-R axial patterning.
Results
CCDC11 localizes to the centriole in cultured skin fibroblast cells, and the mutant truncated protein colocalizes to the actin cytoskeleton in patient-derived cells CCDC11 was initially identified in a consanguineous family with two siblings homozygous for a splice-site mutation presenting defects in L-R patterning, suggesting a role for CCDC11 in ciliogenesis or ciliary function. Using electron microscopy analysis of a nasal brush biopsy taken from the ISIT patient, we previously confirmed an intact respiratory ciliary axonemal ultrastructure (Perles et al., 2012) . To study whether the mutation in CCDC11 is involved in other aspects of ciliogenesis, we immunostained control and patient monociliated skin fibroblasts with anti-ARL13B, a cilium-specific antibody (Fig. 1 A,B) and determined the proportion of ciliated cells in culture as well as cilium length. Quantification of the number of ciliated cells showed that in fibroblasts from the ISIT sibling there was a significant (23%) reduction, from 68% to 52%, in the number of ciliated cells (a total of 85 and 74 cells were counted, respectively), while their average length increased by 0.3 mm compared to controls (P < 0.01, Fig. 1C) . A similar scale of change in cilia length and frequency has been shown to be clinically relevant in ciliopathies (Walczak-Sztulpa et al., 2010) . Our ISIT patient, however, showed no clinical symptoms. Furthermore, immunohistochemical (IHC) staining of skin fibroblasts with anti-CCDC11 antibody confirmed our previous finding of a relatively low level of CCDC11 expression in control cells, whereas the mutated transcript results in high accumulation of truncated CCDC11 protein in patient cells (Fig. 1 D-G) . Interestingly, in control cells, CCDC11 was localized to the centriole and to a much lesser extent to the actin cytoskeleton ( Fig. 1 D,F) . However, in the ISIT patient's cells, the truncated protein colocalized to the actin cytoskeleton as well as to the centriole (Fig. 1 E,G) . Taken together, our results show that in human skin fibroblast cells, CCDC11 is associated with the centriole and the actin cytoskeleton and the truncated protein accumulates.
Expression pattern of Xenopus leavis CCDC11 (xCCDC11) during left-right determination stages in ciliated cells
Using the frog model, we studied the role of the X. laevis CCDC11 ortholog (xCcdc11) in L-R patterning. Frog embryos have been widely used as a model system for axial patterning research as gene-expression analysis and gene manipulation are possible using a range of available tools . To evaluate the temporal expression of xCcdc11 during early stages of embryogenesis, we performed a quantitative reverse-transcription PCR (qPCR) study on successive embryonic stages (St.) from the mid-blastula transition (St. 8) (Nieuwkoop and Faber, 1975) to organogenesis (St. 24) ( Fig. 2A) . We showed that xCcdc11 expression begins at the gastrula stage (St. 10.5), increases during neurulation and continues to accumulate through organogenesis ( Fig. 2A) . In frogs, breakage of bilateral symmetry depends on synchronized beating of motile cilia at the GRP at St. 17 Vick et al., 2009 ). The GRP is derived from 
01). (D,F) Control and (E,G) patient cells were stained with rhodamine phalloidin (red), anti-CCDC11 antibody (green) and DAPI (blue). While in control cells, only a minute amount of CCDC11 was localized to the actin cytoskeleton (D), in the patient cells, where truncated protein accumulates, the protein was widely localized to the stress fibers (E,G). Both WT and mutated proteins were also localized to the centriole (arrowheads in F and G).
the superficial mesoderm and motile cilia developed through early neurula. Thus, xCcdc11 expression during gastrula and neurula correlates with the initiation of axial patterning ( Fig. 2A) . Next, we cloned the full coding sequence of xCcdc11 and prepared probes for RNA in-situ hybridization staining on embryos from gastrula, neurula and tailbud stages ( (Fig. 2 F,G). Taken together, the spatiotemporal expression pattern was concordant with a role in L-R patterning and supports our notion that CCDC11 has an evolutionarily conserved role in this process.
xFoxj1 regulates xCcdc11 expression from the onset of gastrulation
The forkhead transcription factor Foxj1 is a known master regulator of motile cilia and has been shown to drive ciliogenesis in multiciliated cells (Stubbs et al., 2008) . Major ciliary genes such as Tekt2 and Dnah9 are known downstream targets of Foxj1 (Yu et al., 2008) . The expression pattern of xCcdc11 in ciliated cells resembles that of xFoxj1 (Pohl and Knöchel, 2004) , and recessive mutations in FOXJ1 have been shown to be involved in laterality defects in patients. Thus, we studied whether xFoxj1 regulates xCcdc11 expression by overexpressing xFoxj1 in embryos. Fourcell-stage embryos were injected on one side with xFoxj1 mRNA and were allowed to develop until St. 12.5, when they were stained for xCcdc11 expression by in-situ hybridization. These one-sided injections led to ectopic and strong overexpression of xCcdc11 on the injected side (Fig. 2H ). To quantify this upregulation, radial xFoxj1 mRNA injections were performed; the embryos were allowed to develop and collected during late blastula (St. 9), at the onset of gastrulation (St. 10) and in early neurula (St. 13). qPCR analysis of these embryos revealed no change in expression levels at St. 9 vs. St. 10; by St. 13, qPCR analysis revealed 7.75-fold upregulation of xCcdc11 expression level compared to controls. Similarly, as a positive control, the expression of both xTekt2 and xDnah9 was shown to be upregulated by xFoxj1 overexpression (Fig. 2I) .
Thus, we confirmed that like xTekt2 and xDnah9, which are also expressed in the GRP and are critical for cilium motility (Stubbs et al., 2008) , xCcdc11 expression is positively regulated by Foxj1 from the gastrulation stage. However, prior to gastrula stage, before the endogenous onset of xCcdc11 expression, xFoxj1 overexpression by itself is not sufficient for xCcdc11 ectopic or untimely activation, suggesting more complex regulation of the latter.
xCcdc11 downregulation impairs early and late left-right patterning
To study the function of xCcdc11 in axial patterning, we generated an antisense MO (xCcdc11-MO) to target the initiator methionine in the coding sequence, thereby facilitating xCcdc11 knockdown. To test its efficiency at blocking translation of xCcdc11 mRNA, embryos were radially injected with xCcdc11-MO. These embryos were compared with two control groups: uninjected and control-MO-injected embryos. The embryos were allowed to develop to the gastrula stage, and total protein was then extracted and separated by SDS-PAGE (equal loading per lane confirmed by Ponceau S total protein staining). Western blot analysis with anti-CCDC11 antibody revealed that xCcdc11-MO inhibits xCcdc11 expression by 84% compared to control-MO-injected embryos (Fig. 3K) .
To study the effect of xCcdc11 knockdown on L-R patterning during initiation of bilateral symmetry breakage, we analyzed the expression pattern of the transcription factor xCoco which is the first known molecular marker for L-R asymmetry expressed in the GRP. The expression pattern of xCoco is dynamic during the early stages of development, and it is highly expressed in the animal cap at as early as the 4-cell stage. This expression declines rapidly between St.10 and St. 11. Prior to leftward flow, xCoco is uniformly expressed on both sides of the GRP. However, following the normal leftward flow created by ciliated cells in the GRP, xCoco expression on the left side is reduced (Fig. 3A , arrowhead pointing to the left side, where xCoco expression is reduced), while its expression on the right side continues. When motile cilia in the GRP are malformed or dysfunctional, the leftward flow is interrupted. This may result in bilaterally uniform expression reflecting no inhibition (Fig. 3B ) or reverse expression, in which xCoco inhibition occurs on the right side of the embryo while high expression is maintained on the left side (Fig. 3C , arrowhead pointing to the right side, where Coco expression is reduced).
The effect of xCcdc11 knockdown on xCoco expression was analyzed by injecting 8 pmol/embryo of either control-MO or xCcdc11-MO. In addition, uninjected embryos were used as controls. The embryos were radially injected at the 2-to 4-cell stage, and were allowed to develop until St. 20. Dissected GRPs were analyzed for xCoco expression by whole-mount in-situ hybridization (Fig. 3 A-C , anterior-posterior and L-R orientation of the embryos is indicated by arrows in A). Analysis of embryos injected with xCcdc11-MO revealed significant changes from the expected inhibition of xCoco expression in the wild type (WT). While 25% of the embryos injected with control-MO exhibited deviations from normal expression, 49% of xCcdc11-MO-injected embryos showed abnormal expression (P < 0.05, Fig. 3D ). These results indicate that xCcdc11 plays a role in bilateral symmetry breakage and in defects in leftward flow in the GRP.
The asymmetric expression of xCoco marks the onset of a cascade of processes that will eventually give rise to breakage of L-R symmetry. Thus, to evaluate the effect of xCcdc11 knockdown on late stages of L-R patterning, we injected embryos with xCcdc11-MO and analyzed them for xPitx2 expression during organogenesis. The homeobox transcription factor xPitx2 determines L-R asymmetry of internal organs in vertebrate embryos and is regulated downstream of the Nodal signaling pathway. xPitx2 is expressed unilaterally on the left lateral plate mesoderm and therefore serves as a reliable marker for sidedness during organogenesis (Campione et al., 1999; Ryan et al., 1998) . Embryos were radially injected at the 2-to 4-cell stage with either xCcdc11-MO or control-MO and were allowed to develop until the tailbud stage. Uninjected embryos served as controls. Tailbud-stage embryos were then analyzed for xPitx2 expression by whole-mount RNA in-situ hybridization and four distinct expression patterns were scored: normal left-sided expression (Fig. 3E ), bilateral expression (Fig. 3F) , absence of expression on both sides (Fig. 3G) and inversed, right lateral plate mesoderm expression (Fig. 3H) . Quantification of these results showed that while more than 90% of control uninjected embryos or embryos injected with control-MO presented normal expression of xPitx2, i.e., only on the left lateral plate mesoderm, only 59% of the embryos injected with xCcdc11-MO exhibited similar normal expression. The remaining 41% presented abnormal laterality patterns: 27% with bilateral expression of xPitx2, 7% with inversed expression on the right side and 7% with no xPitx2 expression at all (Fig. 3I ). These findings demonstrate laterality defects in advanced stages of organogenesis and highlight the role of xCcdc11 in axial patterning.
CCDC11 overexpression impairs left-right patterning
The accumulation of truncated CCDC11 protein in skin fibroblasts and nasal epithelial cells from the ISIT sibling, as illustrated by western blot analysis (Perles et al., 2012) and IHC staining (Fig. 1 E,G) , implies tight regulation of CCDC11 levels in the cell, presumably through a missing motif on the C-terminal part of the protein. This regulation suggests that high levels of CCDC11 might interfere with cilia function, which in turn may lead to improper later- ality determination. To address this hypothesis, we overexpressed xCcdc11 by dorsal mRNA injection at the 2-to 4-cell stage. To verify the injection site, green fluorescent protein (GFP)-encoding mRNA was co-injected. As a negative control, only GFP mRNA was injected and xFoxj1-injected embryos served as positive controls. In addition, the truncated form of xCcdc11 (txCcdc11), which mimics the identified splice mutation in our patients as it contains only the first 330 amino acids of the protein, as well as the human full-length CCDC11 (hCcdc11) or the truncated human form of the gene (thCcdc11) were injected. The embryos were then allowed to develop until the early neurula stage, when they were screened and sorted to validate the site of injection according to the GFP signal.
The effect on L-R patterning was determined by analyzing the expression of xCoco in dissected GRPs at St. 20 as described above. Quantifying the results, we found that all uninjected control embryos and 95% of the embryos injected with GFP mRNA showed only normal xCoco expression, i.e., inhibition of xCoco expression on the left side (as shown in Fig. 3A ), while 42% of the positive control embryos, injected with xFoxj1 mRNA, presented with laterality ambiguity-24% with uniform expression on both sides (as shown in Fig. 3B ) and 18% with reduced expression on the right side (as shown in Fig. 3C ). In addition, overexpression of all four Ccdc11 forms-hCcdc11, thCcdc11, xCcdc11 and txCcdc11-resulted in laterality ambiguity in about 30% of the injected embryos (P < 0.05, Fig. 4) . Specifically, overexpression of hCcdc11 resulted in 13% of the embryos with uniform expression and 18% with reduced expression on the right side, overexpression of thCcdc11 resulted in 26% of the embryos with uniform expression and 6% with reduced expression on the right side, overexpression of xCcdc11 resulted in 17% of the embryos with uniform expression and 13% with reduced expression on the right side, and overexpression of txCcdc11 resulted in 11% of the embryos with uniform expression and 13% with reduced expression on the right side.
To determine whether these effects of overexpression persist in later stages and throughout L-R patterning, we overexpressed xCcdc11 and analyzed the embryos for xPitx2 expression during the tailbud stage. While 79% of the control embryos presented normal unilateral expression on the left side, and only 10% had bilateral expression and 11% had no expression, only 54% of the embryos injected with xCcdc11 showed normal xPitx2 expression, 23% had no xPitx2 expression, 21% had bilateral expression and 3% had inversed expression of xPitx2. Taken together, results showed that overexpression of Ccdc11 impairs L-R patterning. In addition, overexpression of the truncated proteins txCcdc11 and thCcdc11, corresponding to the splice mutation identified in the patients, resulted in the retention of some biological activity and in interference with axial patterning. Thus, although CCDC11 is required for axial patterning, as demonstrated by the MO experiments, its expression level must be tightly regulated to maintain proper axial patterning.
Discussion
In the era of genome high-throughput sequencing analysis, identification of novel mutations in patients is becoming routine for the geneticist. However, proving the pathogenicity of an identified mutation and understanding the etiology of the disease remains a bottleneck in the diagnostic procedure for rare diseases. For consanguineous families, the use of homozygosity mapping has proven to be a powerful tool to reduce the list of candidate pathogenic mutations (Edvardson et al., 2012 a,b) . The initial identification of the mutation in CCDC11 was based on homozygosity mapping, which was followed by screening the candidate genes using gene-ontology tools and conventional Sanger sequencing (Perles et al., 2012) . This screen resulted in the identification of a homozygous splice-site mutation affecting the first nucleotide of intron 6, and resulting in the skipping of exon 6 and generation of a transcript encoding a truncated ~35-kDa protein lacking 150 amino acids at its C terminus. Recently, three additional mutations in CCDC11 in unrelated patients have been described (Narasimhan et al., 2015; Noël et al., 2016) . Our two sibling patients presented with different phenotypes. Similarly, the other patients presented other manifestations of laterality defects, such as dextrocardia (Noël et al., 2016) , HS or SIT. Among them, one presented with mild symptoms of PCD (Narasimhan et al., 2015) . It is possible that the different mutations result in different CCDC11 protein variants with different residual activities. The time window of activity, during the early stages of embryogenesis, is likely to contribute to this variability. Moreover, the lack of PCD symptoms suggests that during later stages of development and adulthood, there is a compensatory or redundancy mechanism in motile cilia, which is inactive in the node during neurulation. Finally, the identification of other patients presenting with lateralization defects emphasizes a highly important role for CCDC11 in regulating organ lateralization.
To investigate the effect of the mutation in CCDC11 on ciliogenesis, we measured the length of the cilia in control and patient skin fibroblast cells, and found that in the latter they are significantly longer, albeit less abundant. This difference has been shown to be of clinical relevance in ciliopathies (Walczak-Sztulpa et al., 2010) . However, despite these differences, no clinical manifestation was observed in the ISIT patient. Notably, the cultured patient-derived skin fibroblast cells grown in vitro may have little clinical relevance to PCD. Moreover, to identify the subcellular localization of the WT and mutated truncated proteins, we immunostained the cells and found that both forms are localized to the actin cytoskeleton as well as to the centriole, the latter in agreement with a recent study (Silva et al., 2016) . On the other hand, we were unable to demonstrate localization of CCDC11 to the cilia proper as previously published (Narasimhan et al., 2015) . Moreover, the fact that the truncated protein also localized to the centriole and the actin cytoskeleton suggests that the motifs required for this localization reside within the N-terminal region of the protein. Identifying this motif should be a subject of future studies.
Accumulation of the truncated protein in the ISIT patient cells was previously demonstrated by western blot (Perles et al., 2012) , and was further confirmed in this study using IHC staining. This finding suggests that the expression level of the WT CCDC11 is tightly controlled and that the motif that is required for maintaining the proper level resides within the C-terminal domain of CCDC11, which is absent in the truncated form. Interestingly, treatment of control skin fibroblast cells with MG-132, a highly potent proteasome inhibitor, resulted in increased levels of CCDC11 (not shown), suggesting that the protein undergoes ubiquitin-mediated degradation (Hershko and Ciechanover, 1998) . However, given that the ISIT patient was otherwise healthy, as were the heterozygous parents and five siblings, overexpression of the truncated form has no clinical significance following the L-R-determination process in the embryo. Thus, the experimental goals were set to study the effects of overexpression of both the WT and truncated CCDC11, as well as downregulation of the gene in frog embryos at the relevant stages of the lateralization process.
To better evaluate the roles of CCDC11 in L-R axial patterning, we used the X. laevis model to study the expression pattern of the gene, the mechanism regulating its expression, and the effects of knocking down or overexpressing both the WT and mutated proteins. At the mRNA level, we found that xCcdc11 begins to increase in early gastrula (St.10.5) and later on, in-situ staining revealed the gene's expression in ciliated cells in the GRP (St. 17) and in ciliated ectodermal cells during the tailbud stage. Accordingly, the same expression pattern was observed at the protein level as demonstrated by IHC staining, thus confirming the specificity of the antibody to the frog ortholog. The increase in xCcdc11 coincided with the expression of xFoxJ1, the master regulator of the ciliogenesis program (Yu et al., 2008) . We showed directly that similar to the other known downstream targets, Tekt2 and Dnah9, xCcdc11 level is also regulated by FoxJ1. Supporting this conclusion, in a microarray screen, Ccdc11 was revealed as a target gene of FoxJ1 in fish as well (Choksi et al., 2014) , thereby highlighting the evolutionary conservation of the process. Taken together, our data confirm that the spatiotemporal expression pattern of xCcdc11, at both the mRNA and protein levels, in the GRP coincides with the lateralization process.
During embryogenesis, the first morphological sign of L-R patterning is the formation of the asymmetric heart tube. However, at the molecular level, the process of lateralization occurs during earlier developmental stages, starting at neurulation. The earliest known molecular manifestation of laterality is downregulation of the Nodal (Xnr1) inhibitor xCoco on the left side of the GRP, which permits Xnr1 activity on this side. This cilium-driven, flow-dependent process allowed us to evaluate the effect of knocking down xCcdc11 levels during the earliest stages of laterality specification (Schweickert et al., 2010) . Our results showed that 49% of the xCcdc11-MO-injected embryos showed deviation from the expected normal expression pattern of xCoco, significantly higher than the control-MO-injected and uninjected control groups. The distribution between the phenotypes, i.e., situs ambiguity and inverted situs, was about 50%, which may reflect differences in the degree of xCcdc11 knockdown or technical procedural variation. The study of Narasimhan et al., (2015) described zebrafish embryos injected with either start or splice xCcdc11-MOs. These embryos showed a curved body axis phenotype, which may be indicative of motile cilia dysfunction. Curiously, no data were provided on the efficacy of the MO-mediated Ccdc11 knockdown at the protein level, despite the availability of an antibody. Interestingly, in the study of Silva et al., (2016) which used transcription activator-like effector nucleases (TALENs) to target Ccdc11 expression, dissimilar phenotypes, such as pericardial edema and hydrocephalus, were described. These discrepancies between the different phenotypes probably reflect technical differences between the studies rather than biological effects. Moreover, they do not model the phenotype presented in human patients. Much clearer results for the role of Ccdc11 in zebrafish were presented by Noël et al., (2016) who used CRISPR-Cas genome-editing technology to create a Ccdc11 mutant and showed that in contrast to the xCcdc11 morphants, mutant fish have disrupted laterality without any additional morphological phenotypes. This represents a model that is more similar to human patients and highlights the advantages of using the CRISPR system in fish.
Use of xCoco expression as a marker for early axial patterning in the GRP allowed us to evaluate the effect of xCcdc11 knockdown on this process and to demonstrate that xCcdc11 is required for symmetry breakage during neurulation. xPitx2, which is normally expressed on the left lateral plate mesoderm, is also a useful laterality indicator during tailbud stages (Campione et al., 1999; Ryan et al., 1998) . The use of xPitx2 allows discriminating between normal situs when it is expressed on the left side, situs inversus when it is expressed on the right side and situs ambiguous when it is expressed on both sides or is absent altogether. It is worth noting that since in the absence of an instructing signal, lateralization is randomized (Kawakami et al., 2005; Nonaka et al., 1998; Supp et al., 1997) , some of the embryos that present normal left expression of xPitx2 may actually be embryos that had no laterality-instructing signals during neurulation and randomly became situs solitus. It is difficult to determine the size of this group as they are indistinguishable from the normal embryos. Thus, the proportion of affected embryos is probably greater than meets the eye.
The first human mutation described in CCDC11 resulted in the formation of a truncated protein which accumulated in patient cells. The two heterozygous parents and five siblings were the only known carriers of this mutation and were all asymptomatic (Perles et al., 2012) . Skin biopsies were not available from these carriers, precluding us from determining whether this accumulation also occurs in their cells. However, it suggests that the truncated form has no pathogenic effect, while it is still possible that this form retains some biological activity and the levels of WT CCDC11 are tightly controlled. The results from the overexpression experiments support this notion: overexpression of both human and Xenopus orthologs, in their full-length and truncated forms, significantly affected the lateralization process, as demonstrated using the positive control of FoxJ1 overexpression. This also shows that the human and Xenopus CCDC11 orthologs have a conserved evolutionary role.
In summary, this study provides additional evidence for the role of CCDC11 in L-R axial patterning. We show that CCDC11 is localized to the centriole and actin cytoskeleton and that the motif required for that localization probably resides within the N-terminal part of the protein. Moreover, in patient cells, ciliogenesis is altered. Using frog embryos, we show that the spatiotemporal expression pattern of xCcdc11 coincides with lateralization and gene-misexpression results in abnormal L-R patterning. These findings highlight the importance of CCDC11 in early stages of embryogenesis.
Materials and Methods

Immunohistochemical staining
Skin fibroblast cells were fixed in 4% paraformaldehyde in PBS, permeabilized and blocked using 0.25% Triton X-100 and 5% serum in PBS for 30 min, and then incubated with ab84324 (Abcam) at 1 mg/ml for 3 h at room temperature. The secondary antibody used was Cy2-conjugated donkey anti-rabbit IgG (H+L) at a 1:500 dilution (Jackson ImmunoResearch). Actin cytoskeleton was stained with rhodamine phalloidin according to the manufacturer's instructions (Molecular Probes). DAPI was used for nuclear staining. Pictures were taken using an Olympus BX62 fluorescent microscope equipped with a DP72 camera and controlled by cellSens software (Olympus), which was also used for analysis and measurements.
Frogs and embryo manipulation
Xenopus laevis frogs were purchased from Xenopus I or NASCO (Dexter, MI and Fort Atkinson, WI, respectively). Embryos were obtained by in-vitro fertilization, incubated in 0.1% MBSH, and staged according to Nieuwkoop and Faber (1975) .
Embryos were injected at the 2-to 4-cell stage with in-vitro transcribed cap-RNA, expression plasmid or antisense MO. Expression plasmid pCS2 for Ccdc11, Foxj1 and GFP was linearized with NotI and capped RNAs were in-vitro transcribed using SP6 polymerase. Cap analog (m7G(5')ppp(5')G, Amersham) was added to the reaction mixture at a cap:GTP ratio of 5:1. For lineage tracing, GFP mRNA was injected and embryos were sorted at the neurula stages. Antisense MOs were obtained from Gene Tools LLC: xCcdc11-MO: 5' GACGGCTTCTTTGACTATACAGCAT 3', control-MO: 5' CCTCTTACCTCAGTTACAATTTATA 3'.
qPCR analysis
Total RNA was extracted from embryos with PerfectPure RNA Tissue Kit with DNase (5 Prime). cDNA was synthesized using iScript cDNA Synthesis Kit (Bio-Rad). The real-time PCRs were performed using CFX384 Real Time SYStem (Bio-Rad) and Light Cycler 480 SYBR Green I Master (Roche). Samples were analyzed in triplicate and GAPDH was used as the reference housekeeping gene. Each experiment was repeated independently at least three times. The following primers were used: Ccdc11: 5'GAGGGAG-GTGTATCGGACAA 3' and 5' CCTCTCCAGTAAGGTGCTGA 3'; Tekt2: 5' GCAGCGCCTTTCTTCTCATC 3' and 5' GGTGCTGTTGTCTTGCTCAT 3'; Dnah9: 5' AGAATCCAGCCATCCGTGAA 3' and 5' TCAGAAGGTCAGC-GAGAGTT 3'; GAPDH: 5'GCTCCTCTCGCAAAGGTCAT 3' and 5'GGGC-CATCCACTGTCTTCTG 3'. xCcdc11 and truncated-xCcdc11 cloning/plasmid cloning xCcdc11 was cloned by PCR amplification from Xenopus cDNA. The PCR product was introduced into pCS2 vector through EcoRI and XhoI sites. Truncated xCcdc11 (txCcdc11) was cloned by PCR amplification with 5'PO 4 -primers from the full-length plasmid, followed by T4 ligation and DpnI digestion prior to DH5a transformation. The primers used for the ligation were as follows:
forward: 5' PO4-TAGCAAGGGCGAaTCAAGGC 3', reverse: 5' PO4-CTTGCGCTGGCGTTTCTCCTC 3'.
Whole-mount in-situ hybridization and immunohistochemistry
Whole-mount in-situ hybridization was performed as previously described (Epstein et al., 1997) . Probes were prepared by in-vitro transcription using Digoxigenin Labeling Mix (Roche). Lineage tracing and double-staining were obtained by adding FITC to the one-side-injected mRNA, detecting it with anti-fluorescein antibody and staining with 5-bromo-4-chloro-3-indolyl phosphate p-toluidine salt (BCIP, Roche) and BM purple (Roche) to stain the second probe. For the xCcdc11 probe, the plasmid was linearized with HindIII and transcribed with T7 polymerase. xPitx2 (Campione et al., 1999) and xCoco (Schweickert et al., 2010) probes were transcribed as previously described.
For whole-mount IHC, embryos were fixed in MEMFA for 1 h at RT and processed according to a standard protocol (Sive et al., 2000) . Rabbit polyclonal anti-CCDC11 antibody was diluted to a final concentration of 2 mg/ml (ab84324, Abcam), horseradish peroxidase anti-rabbit antibodies were used as secondary antibodies and staining was performed by DAB detection.
Western blot analysis
Total protein was extracted from embryos using lysis buffer (150 mM NaCl, 50 mM Tris pH 7.6, 1.0% Triton X-100, 6 mM EDTA) supplemented with protease inhibitor cocktail (Sigma, Israel). Protein concentration was measured by Bradford assay (Sigma, Israel). Total protein extract (20 mg) was subjected to 10% SDS-PAGE and transferred to a nitrocellulose membrane. Rabbit polyclonal anti-CCDC11 antibody, diluted to a final concentration of 1 mg/ml (ab84324, Abcam), was used for immunoblotting.
